Fluorescent silicon (Si) nanocrystals (2.8 nm diameter) were incorporated into surfactant assemblies of cetyl trimethylammonium bromide (CTAB) and cholesterol, called quatsomes. In water, the quatsome-Si nanocrystal assemblies remain fluorescent and well-dispersed for weeks.
INTRODUCTION
Semiconductor nanocrystals, or quantum dots, have been used extensively to study biological systems due to their fluorescence properties and photostability. [1] [2] [3] [4] [5] Silicon nanoparticles offer biocompatibility and photoluminescence that is well-suited for medical imaging using near-infrared (NIR) or long-wavelength visible light. 3, [6] [7] [8] The long fluorescence lifetimes of Si nanocrystals also make them well-suited for multispectral time-gated imaging applications. 9 For these applications, Si nanocrystals must be dispersed in aqueous media and retain their fluorescence. This has been accomplished by capping Si nanocrystals with organic ligands bearing polar functional groups or by coating hydrophobic nanocrystals with surfactant or amphiphilic polymer. 3, 7, 8, 10, 11 By incorporating nanocrystals into surfactant assemblies, such as micelles or vesicles, additional functionality might be achieved. 1, 7, [11] [12] [13] [14] [15] [16] [17] [18] For example, liposomal vesicles are especially interesting since they are medically-accepted pharmaceutical carriers and could provide a therapeutic delivery vehicle combined with the imaging capabilities of the nanocrystals. [19] [20] [21] However, liposomes can suffer from aggregation and non-uniformity, which can negatively impact pharmacological properties and pharmaceutical properties.
Here, we show that non-liposomal vesicular structures, called quatsomes, can be highly effective dispersing agents and carriers for Si nanocrystals, with long-term dispersion stability and fluorescence. Quatsomes are composed of sterols and quaternary ammonium surfactants that self-assemble into vesicular bilayers. 22 They are extremely stable and have been shown to remain dispersed for several years with high uniformity in size and lamellarity. [23] [24] [25] Quatsomes have antibacterial and anti-biofilm properties, and have been used successfully to prepare stable multifunctional vesicle-biomolecule conjugates, to incorporate fluorene-based probes that are not soluble in water, and to protect ESIPT fluorophores in aqueous media. 24, [26] [27] [28] Furthermore, quatsomes are largely unaffected by changes in temperature or dilution, making them ideal candidates for use in vivo. 22, 25 Membrane components of quatsomes are available at pharmaceutical grade. Quaternary ammonium surfactants are well-known antiseptics and have a long history of use in a wide range of both human and veterinary products. In the present paper, quatsomes composed of cholesterol and cetyl trimethyl ammonium bromide (CTAB) were been used as a quatsome model, but other quatsome-like structures can be prepared using different quaternary ammonium surfactants, such as myristalkonium chloride (MKC). 25, 28 CTAB is widely used in topical medicinal formulations, but MKC (a C14 homolog of benzalconium chloride) has been extensively used as an antimicrobial preservative in many ophthalmic and parenteral formulations (see FDA inactive ingredients database). 29 As a proof of concept, Si nanocrystals with orange fluorescence (2.8 nm diameter, photoluminescence quantum yields of about 15%)
were integrated into quatsomes composed of cholesterol (chol) and cetyl trimethyl ammonium bromide (CTAB) to form stable, fluorescent nanocrystal dispersions in aqueous media. In contrast, dodecanethiol-capped gold (Au) nanocrystals with similar size (1.8 nm diameter) did not associate with similar quatsome assemblies.
EXPERIMENTAL SECTION
Materials. Hydrogen silsesquioxane (HSQ) was purchased from Dow Corning.
Hydrofluoric acid (HF, 48%) was purchased from Macron Fine Chemicals. Ethanol was purchased from Pharmco-Aaper. CTAB (high purity grade) was purchased from Amresco. Chol was purchased from Anatrace. 1-Dodecanethiol (98%) was purchased from Acros Organics. Silicon Nanocrystal Synthesis. Silicon nanocrystals were synthesized following procedures reported in Hessel, et al. 8 40 mL of HSQ was degassed and then heated to 1100°C for 60 min in a tube furnace under forming gas (90% N 2 /10% H 2 ) flow. The resulting brown reaction product was then ground with a mortar and pestle, followed by further size reduction by mechanical shaking in a wrist action shaker with borosilicate beads for 9 hr. The final brown powder consists of Si nanocrystals embedded in an SiO 2 matrix. To liberate the nanocrystals from the matrix, 0.6 g of powder was etched in the dark with 2 mL HCl and 20 mL HF for 3.5 hr.
After etching, the material was precipitated by centrifugation for 5 min at 8000 rpm. The supernatant containing HF was removed with a pipette, and the precipitate was redispersed in 20 ml of ethanol and then centrifuged again. This washing process was repeated again with 20 ml of ethanol and once more with 20 ml of chloroform. The resulting H-terminated nanocrystals were redispersed in 20 mL of 1-octene and then injected with a syringe into a 3-neck flask connected to a Schlenk line under vacuum. Liquid nitrogen was used to immediately cool the flask contents under vacuum, and then the dispersion was thawed to room temperature under nitrogen flow.
The freeze-thaw process was repeated three more times. The dispersion was stirred under nitrogen flow at 120°C for 12 hr. The unpassivated nanocrystals were precipitated by 5 centrifugation at 8000 rpm for 5 min. The passivated nanocrystals in octene were placed on a rotary evaporator under vacuum at 60°C to evaporate the octene. The nanocrystals were then redispersed in 3 ml of hexanes. The Si nanocrystals were then purified by four washing steps using hexanes/ethanol as the solvent/antisolvent pair. The nanocrystals were redispersed in chloroform at a concentration of 6.75 mg/ml for use. The nanocrystals had a diameter measured by TEM of approximately 2.8 nm (See Supporting information Figure S1 ). By TGA, the prepared nanocrystals had a mass ratio of 37% silicon core to 63% capping ligand (See Supporting Information Figure S2 ).
Gold Nanocrystal Synthesis. Gold nanocrystals were synthesized using the procedures described in Rasch, et al. 14 33 mg of gold (III) chloride trihydrate was dissolved in 20 mL of deionized water. A separate solution of 6 g of TOAB dissolved in 80 mL toluene was prepared.
The aqueous and toluene solutions were mixed and stirred for 1 hr. The aqueous phase was discarded. 0.6 mL of 1-dodecanethiol was added to the toluene solution and stirred for 15 min.
An aqueous solution of 378 mg of sodium borohydride in 20 ml of water at 0 o C was prepared and added to the toluene solution. After stirring overnight, the aqueous phase was discarded. The nanocrystals were precipitated by adding 5 mL of the gold nanocrystal dispersion to a glass centrifuge tube and 20 mL of ethanol and centrifuging for 5 min at 8000 rpm. The supernatant was discarded and the precipitate was redispersed in toluene. This washing procedure was repeated until the entire gold solution had been washed with ethanol. Finally, the nanocrystals were redispersed and stored in toluene. Prior to use, the nanocrystals were dried and redispersed in chloroform at a concentration of 3 mg/mL. The average diameter of the Au nanocrystals determined by TEM was 1.8 nm (Supporting Information, Figure S10a ). The mass fraction of ligand in the sample was determined by TGA to be 28.5% (Supporting Information, Figure S11 ). to produce the chol-CTAB quatsomes. In this final step, a flow of N 2 is used as a plunger to push down the CO 2 -expanded solution from the vessel and to maintain a constant pressure inside the vessel during depressurization. The molar ratio between the CTAB and the chol in the final formulation was 1 to 1, which has been shown to be the correct proportion in order to have a pure vesicular phase. 22 The final quatsome dispersions were composed of 7 mM each of chol and CTAB in water containing 10% ethanol. This quatsome formulation is referred to throughout as "7 mM quatsomes." A more diluted quatsome formulation composed of 0.7 mM chol and CTAB was prepared by dilution of 7 mM quatsomes with water with 10% ethanol. These are referred to as "0.7 mM quatsomes." Thermal gravimetric analysis (TGA) was performed using a Mettler Toledo TGA/DSC 1.
Nanocrystals dispersed in chloroform were dried in a 70 µL alumina crucible (Mettler Toledo).
Sample were heated under 50 mL min -1 of air flow at a rate of 10°C min -1 from 25°C to 800°C
and then held at 800°C for 30 min.
Molecular Dynamics Simulations. Molecular Dynamics (MD) simulations were
performed using the NAMD 2.9 (CUDA version) software. 30 Simulations were performed for Si and Au nanocrystals with their respective capping molecules in two different solvents (water and chloroform) at a temperature of 25°C and pressure of 1 atm. The Si core contained 342 Si atoms (to match the experimentally determined average diameter of 2.8 nm) and 242 capping molecules
(1-octene). The Au core had 281 Au atoms (to match the experimentally determined average diameter of 1.8 nm) and 65 capping molecules (1-dodecanethiol) . This corresponds to a surface coverage of 9.8 molecules/nm 2 for the Si particle and 6.4 molecules/nm 2 for the Au particle. The interactions between atoms were modeled using the standard CHARMM force field for Si, Au and water and the CGenFF version of the CHARMM force field 31 for chloroform, 1-octene and 1-dodecanethiol. More details are provided as Supporting Information.
RESULTS AND DISCUSSION
Incorporation of Silicon Nanocrystals into Cholesterol-CTAB Quatsomes. Silicon nanocrystals with an average core diameter of 2.8±0.6 nm with octene capping ligands dispersed in chloroform were incorporated into pre-formed aqueous 7 mM quatsomes using a 5 minute bath sonication procedure, as outlined in Figure 1a example, the turbidity of the quatsome dispersions in Figure 3 ). The PL intensity of the quatsome-Si nanocrystal assemblies was lower than the Si nanocrystals dispersed in chloroform, although the samples still exhibit relatively bright fluorescence when placed over a UV lamp.
The decreased PL is partly due to the light scattering of the quatsomes. The PL peak positions of both samples were also nearly identical. The PL quantum yields of the Si nanocrystals in chloroform and in the quatsome assemblies in water were 16.1% and 6.6%, respectively (see Supporting Information for quantum yield calculation). The 7 mM quatsome-Si nanocrystal assemblies were also monitored by DLS ( Figure 6 ).
There was no observable change in the mean size of the assemblies, but the size distribution 
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The stability of the quatsome-Si nanocrystal assemblies was also tested after dilution. As shown in Figure 4 , the assemblies were still stable after a 10X dilution, i.e., 0.7 mM quatsome-Si nanocrystals. This is an important result, as it indicates that there is no loss of integrity of the assemblies even when the CTAB concentration is below the CMC of free CTAB. Figure 7 shows cryoTEM images of the 0.7 mM quatsome-Si nanocrystal assemblies, which exhibit similar morphology as the 7 mM quatsome-nanocrystal assemblies. Indeed in many medical applications, dilution is required and it is important that the quatsome-nanocrystal assemblies retain their colloidal stability under these conditions. This is not the case when Si nanocrystals are dispersed only with CTAB. As shown in Figure 4 , CTAB could also be used to form stable dispersions of Si nanocrystals in aqueous media; however, with pure CTAB it is not possible to stabilize Si nanocrystals below the CMC. The CTAB-dispersed Si nanocrystals also tended to produce very polydisperse aggregates of nanocrystals, as observed by CryoTEM (Figure 8 ).
Again, for medical applications, consistent size and concentration of load delivery is important, and thus the wide size distribution observed with CTAB micelles would not be ideal for those applications. This is discussed in more detail below. 
Comparison to Liposomal Structures. For comparison to liposomal vesicles, Si
nanocrystals were combined with charge-neutral DOPC and anionic DOPG lipids-systems that have been used in the past to disperse dodecanethiol-capped gold nanocrystals. 14, 18 It should be pointed out, that whereas quatsomes are extremely thermodynamically stable vesicular structures, the stability of liposomes is kinetically limited and the collapsed planar lamellar is the equilibrium state of aggregation. 22 The same bath sonication used to make the nanocrystalquatsome assemblies was applied to Si nanocrystal incorporation into the DOPC and DOPG liposomes. Figure 9 shows cryoTEM images of these nanocrystal-liposome assemblies. The charge-neutral DOPC liposomes become multilamellar, mixed with large aggregates of Si nanocrystals (Figures 9a-9d) . DLS of the DOPC liposomes showed that they had a z-average size of 58 ± 2 nm (PDI 0.230 ± 0.008) before sonication and grew to a z-average of 464 ± 28 nm (PDI 0.135 ± 0.143) after sonication in the presence of the Si nanocrystals. The vial containing the DOPC and Si nanocrystals also had a white precipitate of lipid at the bottom after sonication.
The anionic DOPG liposomes retained their initial size, but no Si nanocrystals were observed to associate with the liposomes (Figures 9e-9h ). The dispersion, however, was fluorescent and separate lipid-stabilized aggregates of Si nanocrystals were observed in the cryoTEM images.
For both DOPC and DOPG liposomes, the dispersions remained fluorescent for at least 3 days. Figure S6 ).
Interaction Between Dodecanethiol-capped Gold Nanocrystals and Quatsomes. We found that it was not possible to make stable assemblies of dodecanethiol-capped Au nanocrystals and quatsomes. Dispersions of 1.8 nm diameter dodecanethiol-capped gold nanocrystals in 20 µL of chloroform (3 mg/mL Au nanocrystals) were combined with 750 µL of 7 mM quatsomes and bath sonicated for 5 min. Immediately after sonication, the dispersions would appear cloudy with a grey hue, indicating at least partial dispersibility of the nanocrystals by the presence of quatsomes ( Figures 11c-11d) ; however, the dispersions changed from grey to purple after only a few days and an plasmon peak in the optical absorbance spectra appeared at ~520 nm, indicating that the dispersion was unstable and that the nanocrystals had aggregated or coalesced. 18 In comparison, Au nanocrystals readily incorporate into the lipid bilayer of phosphatidylcholine liposomes to form dispersions that are stable for weeks. 14, 18 CryoTEM of the purple quatsome-Au nanocrystal dispersions one week after sonication (Figures 11e-11f) showed that the nanocrystals were aggregated (Figures 11e and 11f ) and apart from empty quatsomes. Additional CryoTEM (Figures 11g-11h ) of the purple dispersion after several weeks showed that the nanocrystals had coalesced to form large particles approximately 5-10 nm in diameter that were not associated with quatsomes (the average size of these coalesced particles was found to be 6.7 nm with a standard deviation of 3.0 nm, see Supporting Information). It is possible that-similar to Si nanocrystals dispersed with CTAB ( Figure 8 )-the coalesced gold nanoparticles remain dispersed due to an interaction with CTAB micelles. Further, CTAB is commonly used in the synthesis of gold nanocrystals in various sizes and shapes, [35] [36] [37] and known to disperse and interact with Au colloids. 
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The simulations also computed the thickness of the coating organic layer, which takes into account ligand lengths and their orientation (angle) with the surface (see Supporting
Information for a complete description of the procedure). The thickness of the organic layer was 1.14 nm for Si nanocrystals in both water and chloroform, which results in a particle with a total diameter of 5.1 nm. The thicknesses obtained for the layers of 1-dodecanethiol on Au nanocrystals were 0.89 nm and 1.14 nm in water and chloroform, respectively, which gives total particle diameters of 3. surface (in this case, the surface of the quatsomes) than far from the surface, inducing a repulsion of entropic origin. This kind of entropic repulsive interaction plays a substantial role in selfassembly processes of nanoparticles. 39 As a result, the Au particles aggregate into large clusters, without incorporation into the quatsomes. In the case of Si particles (Figure 13c ), the entropic repulsive interaction is absent because the capping layer is compact in this case. Instead, we think that the interaction of a quatsome vesicle with a cluster of Si particles is reminiscent of the interaction of a vesicle with a hydrophobic solid surface. In this case, the layers of the quatsome vesicles were spread onto the surface of the clusters of Si particles. This spreading process requires first the breaking of vesicles and the input of energy. Vesicles are dynamic structures that can be reformed or reduced in size with the addition of sonication energy. [40] [41] We found that when chol-CTAB quatsomes with SiNCs were sonicated for 15 or 30 min, they were smaller than those sonicated for 1 min or 5 min ( Figure S5 ). Thus, it can be hypothesized that when quatsomes are sonicated they are broken down through a redistribution of membrane molecules.
When the sonication is performed in the presence of hydrophobic SiNCs with a "compact organic layer" coverage, this redistribution would allow small aggregates of SiNCs to become stabilized by the hydrophobic part of cholesterol-CTAB monolayers (Figure 13c ). The resulting self-assembled structure (clusters of Si particles covered by a quatsome monolayer) is now stable in water and acquires the radius corresponding to the spontaneous curvature of the quatsome building blocks (the bimolecular entities made by the association between CTAB and cholesterol). 22 The result of this process is the coexistence between quatsome vesicles and these self-assembled clusters of Si covered by CTAB and cholesterol with a diameter similar to that of quatsome vesicles. 
